therapy, asthma remains a substantial public health problem. In the United States, asthma is a leading cause of childhood morbidity, with an estimated prevalence of 6.9% in children and youth younger than 18 years. 1 Numerous studies have documented a rise in the morbidity, mortality, and prevalence of asthma in different populations. [2] [3] [4] [5] [6] [7] [8] The cause or causes of this trend remain controversial. [9] [10] [11] Experimental, laboratory, and epidemiologic studies in the last several years have linked high concentrations of known air pollutants to respiratory health problems, most notably exacerbations of asthma. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] However, opportunities to study the health effects of anthropogenic improvements in air quality are rare. One study found a decrease in particulate pollution and respiratory hospital admissions associated with the closure of an industrial factory in that community. 24 To our knowledge, no study has examined the impact of improved ozone pollution for an extended period of time on asthma exacerbations or other markers of asthma morbidity. Also, the extent to which moderate concentrations of ozone (ie, daily peak of 50-100 ppb) during various exposure lengths affects asthma morbidity remains controversial.
The main sources of ambient air pollutants are vehicle exhaust, industry, power generation plants, and background contamination. Compared with emissions from nonvehicle sources, the relative amounts of nitrogen oxides, carbon monoxide, and small particulate matter emitted from vehicles have increased disproportionately due to the dramatic increase in worldwide automobile use in the past 30 years. 12, 15 Many studies have found positive associations between traffic density on street of residence and either asthma events or asthma prevalence. [25] [26] [27] [28] [29] However, the impact of citywide automobile use and traffic flow on ambient air pollution and asthma morbidity has not been studied.
The 1996 Summer Olympic Games in Atlanta, Ga, provided a unique opportunity to study the relationship between automobile traffic, air quality, and asthma morbidity. Preparations for the Olympic Games required a strategy for minimizing road traffic congestion and ensuring that spectators could reach Olympic events in a reasonable amount of time. Additionally, the more than 1 million visitors to Atlanta (resulting in increased regional transportation demands) could have magnified the region's existing air quality violations for ozone pollution that occur each summer. Atlanta's strategy was similar to that used in Los Angeles, Calif, for the 1984 Summer Olympic Games. 30 It included the development and use of an integrated 24-hour-aday public transportation system, the addition of 1000 buses for park-andride services, local business use of alternative work hours and telecommuting, closure of the downtown sector to private automobile travel, altered downtown delivery schedules, and public warnings of potential traffic and air quality problems. [31] [32] [33] 
METHODS

Study Design
We used an ecological study design and compared the 17 days of the 1996 Summer Olympic Games ( July 19-August 4) to a summertime baseline period defined as the 4-week periods before and after the Olympic Games ( June 21-July 18 and August 5-September 1). We measured the number of asthma acute care events, number of nonasthma acute care events, air pollution, meteorological conditions, and amount of vehicular traffic. The specific dates for study were determined before any data were analyzed. Four-week baseline periods were used to avoid the spring and fall seasons, which can affect ozone levels 12, 13 and asthma exacerbation rates.
34
Medical Definitions and Data Collection
Our primary outcome measure was the number of hospitalizations, emergency department visits, and urgent care center visits for asthma. The study population included persons aged 1 through 16 years residing in the 5 central counties of metropolitan Atlanta (ie, Fulton, DeKalb, Cobb, Gwinnett, and Clayton). Because of their central location, these densely populated counties were more likely to experience dramatic changes in air quality in response to changes in driving and commuting behaviors (ie, greater access to public transportation as an alternative). Visitors to Atlanta were excluded from the study. Data regarding asthma acute care events were collected from Georgia's Medicaid claims file, the patient database of a health maintenance organization (HMO), computerized emergency department records from 2 of the 3 pediatric hospitals in Atlanta (combined to create a single emergency department data source), and the Georgia Hospital Discharge Database, which includes hospitalization records from all metropolitan Atlanta hospitals. Medical records at the 1 publicly funded pediatric hospital in Atlanta were not available for review. However, 60% to 66% of children seeking emergency care at that hospital were receiving Medicaid in 1996 (Robert J. Geller, MD, written communication, January 17, 2001 ). Therefore, we believe that the Medicaid files captured clinical information on most of this population. For the Georgia Hospital Discharge Database, a child admitted to a metropolitan Atlanta hospital during the study period with a primary diagnosis of asthma (International Classification of Diseases, Ninth Revision , code 493) met our study definition for an asthma acute care event. For the other 3 data sources, a child seen in an emergency department or urgent care center with a primary diagnosis of asthma met our study definition for an asthma acute care event, regardless of whether the child was hospitalized.
To determine if the study population was more, less, or as likely to seek emergency services in general during the Olympic period compared with the periods before and after the Olympic Games, or if the size of the study population significantly changed during the Olympic Games, we collected and analyzed data on the day-by-day total number of all nonasthma-related acute care events during the study period among Atlanta residents aged 1 through 16 years from the same 4 data sources.
Air Quality Data Collection
All data on primary pollutants (ie, particulate matter of 10 µm or smaller [PM 10 ], carbon monoxide, nitrogen dioxide, and sulfur dioxide) and secondary pollutants (ozone) were obtained jointly from the Environmental Protection Agency (EPA) and the Environmental Protection Division of Georgia's Department of Natural Resources. All air quality measurement sites used in the study were located in the 5 central counties of Atlanta and were state operated and EPA regulated (FIGURE 1) .
The ozone concentration chosen to represent each day's exposure was the average of the peak 1-hour ozone concentrations from the 3 monitoring sites in the study area. The daily 1-hour peak ozone levels for the same time periods in 1997-1998 were used for comparison. To see if other areas in the region with similar weather patterns experienced similar ozone patterns during the 1996 summer, we obtained daily 1-hour peak ozone concentrations at 3 other Georgia sites (Fannin County, Augusta, and Columbus), all 60 to 150 miles from Atlanta.
We used the EPA's standard method of measuring the 4 major primary pollutants. 35 Data on PM 10 were collected at the 1 site capable of continuous 24-hour monitoring and expressed as the cumulative total for each 24-hour period. The mean 8-hour running daily peak carbon monoxide level, the 24-hour daily mean sulfur dioxide level, and the 1-hour daily peak nitrogen dioxide level were collected at 1, 2, and 3 monitoring sites, respectively. The daily levels obtained at the 2 sulfur and 3 nitrogen dioxide sites were then averaged. Allergen exposure was determined by total daytime mold counts (the predominant summertime allergen in Atlanta) collected weekdays during the study period at the Atlanta Allergy and Asthma Clinic.
Meteorological Data
We obtained hourly data for 5 weatherrelated variables (temperature, wind speed, relative humidity, barometric pressure, and solar radiation) from a state-run weather monitoring site located east of downtown Atlanta. These 5 variables have a direct or indirect impact on the rate of ozone formation and clearance in the lower atmosphere and, to a lesser extent, can affect levels of the primary pollutants. 12 For each day and for each variable, we calculated the mean of the 12 readings from 6 AM to 6 PM.
Traffic Counts
We obtained hourly traffic data collected by the Georgia Department of Transportation from the 4 functioning sites (2 highways and 2 local roads) located within Atlanta's perimeter interstate highway. Total 24-hour and 1-hour morning peak bidirectional traffic counts were available for analysis for 92% of the study weekdays and 85% of the study weekend days.
Public Transportation Data
We examined the total number of passenger trips per day on Atlanta's public buses and rail lines during the study period. The Metro Atlanta Rapid Transit Authority provided data for average weekday and weekend daily ridership totals for the pre-and postOlympic Games periods. For the Olympic period, totals for each of the 17 days were available for analysis.
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Statewide Gasoline Sales
We collected and compared total gallons of gasoline purchased in the state of Georgia in June, July, and August 1991-1997. The Georgia State Department of Revenue routinely calculates these gallon totals based on receipts of the state fuel tax. The month of purchase was determined by the month in which the fuel distributors delivered the gasoline to individual filling stations.
Statistical Analysis
We analyzed all collected data to determine the percentage change in mean values during the Olympic period compared with the 1996 summertime baseline period. One-way analysis of variance t testing was used to determine if the daily air pollutant, meteorological, and traffic count values differed significantly between the 2 study periods. Significance was defined as PՅ.05.
Further analysis of the asthma event data was performed using a time-series Poisson regression model. Univariate and adjusted relative risk (RR) (with 95% confidence intervals [CIs]]) of asthma acute care events during the Olympic period compared with the baseline period was calculated for each of the 4 sources of data. The univariate analysis was based on the fraction of total acute care events with a primary diagnosis of asthma. The multivariate time-series Poisson model was fitted using generalized estimating equations to address possible serial (auto) correlation in the number of asthma events. 36 Models were implemented using the GENMOD procedure in SAS with AR(1) (SAS Institute Inc, Cary, NC) to account for correlation in asthma events on a given day with the previous day's events. The Durbin-Watson statistic was 1.96-2.01, which indicates minimal residual serial correlation. This model was adjusted for day of the week (weekday vs weekend) and minimum temperature (lagged 1 day to improve the fit of the model). Total mold counts were only collected on weekdays, and therefore, were not included in the multivariate model. Seasonality and time trends were not included in this model due to the very short study period covering only the summer season. The Olympic period was modeled here instead of ozone or PM 10 levels due to the correlation between these variables and because we wanted to emphasize the changes directly associated with the Olympic Games.
A second autoregressive time-series model analyzed the change in ozone concentrations in Atlanta and the other 3 Georgia sites during the Olympic Games. The model was used to adjust for day of the week (weekday vs weekend) and trends in weather conditions (mean daytime wind speed, temperature, solar radiation, and barometric pressure). Relative humidity was not included because it was strongly correlated with solar radiation (inverse relationship). The model (using AR [1] ) found minimal serial correlation in daily ozone levels (DurbinWatson statistic, 1.94).
In a separate analysis, Pearson coefficients were used to measure the correlation between morning peak-total traffic counts and that day's peak ozone concentration. Significance was defined as PՅ. 05 .
In addition to our analyses comparing the Olympic period with the baseline period, data for all 73 study days were used to examine the relationship between ozone accumulation and daily asthma acute care events. The mean number of asthma events was determined for days in which the peak ozone concentrations for that day plus the previous 2 days averaged less than 60 ppb (low cumulative exposure), 60 to 89 ppb (moderate cumulative exposure), or 90 ppb or more (high cumulative exposure). Controlling for day of the week and minimum temperature (lagged 1 day) in a Poisson regression model, the RR of asthma events was determined at cumulative ozone concentrations of 60 to 89 ppb and 90 ppb or more compared with ozone concentrations less than 60 ppb.
To test our hypothesis that cumulative exposures to air pollutants for 2 to 3 days are more strongly associated with asthma acute care events than traditional single-day exposures, we compared the RR of asthma events per 50 ppb incremental change in ozone and 10-µg/m 3 incremental change in PM 10 levels based on a same-day, 2-day, and 3-day cumulative exposure measure. We used time-series regression models similar to our primary asthma event model except that the dependent variable (Olympic vs baseline period) was replaced by a single pollutant exposure variable.
RESULTS
Among children aged 1 through 16 years in the Medicaid claims file database, the number of asthma emergency care visits and hospitalizations decreased from 4.23 events per day during the baseline period to 2.47 events per day during the Olympic period, a 41.6% overall decrease (TABLE 1). The number of asthma-related emergency department, urgent care visits, and hospitalizations among HMO enrollees decreased 44.1% during the same time period. Asthma-related visits to 2 large pediatric emergency departments in Atlanta decreased 11.1%, and citywide hospitalizations for asthma were reduced 19.1%. Using our 4 data sources, this equates to respectively 30, 10, 9, and 7 fewer emergency asthma events during the Olympic Games than would have been expected based on the preand post-Olympic period averages.
The total number of nonasthmarelated acute care events per day decreased only 3.1% in the Medicaid database and 2.1% at the pediatric emergency departments; this number increased 1.3% among HMO enrollees. Nonelective nonasthma hospitalizations increased 1.0% during the Olympics.
As illustrated in TABLE 2, the univariate RR of asthma acute care events during the Olympics compared with the baseline period was significantly reduced in the Medicaid database (RR, 0.61; 95% CI, 0.44-0.85) and approached statistical significance in the HMO database (RR, 0.56; 95% CI, 0.31-1.02). Although less than 1, the RR at the 2 pediatric emergency departments and among those hospitalized was not significant (RR, 0.91 and 0.81, respectively). Adjusting the RR to con- 
Total Daytime Mold Count
Broken line indicates incomplete data (eg, mold counts were available weekdays only). *RR indicates relative risk; CI, confidence interval. For definition of baseline period, see "Study Design" subsection of "Methods" section. †Relative risk based on Poisson model (fraction of total acute care events with a primary diagnosis of asthma). ‡Time-series regression analysis was adjusted for day of week (weekday vs weekend) and minimum daily temperature (lagged 1 day to minimize serial correlation).
demonstrating the uncharacteristic decrease in air pollution levels during the Olympic Games. Mean daytime weather conditions in Atlanta were determined for both the Olympic and baseline periods. Temperature decreased 0.67°C, wind speed increased 0.19 m/sec, and solar radiation decreased 29.6 W/m 2 during the Olympic Games. These changes were not statistically significant. Barometric pressure did not change. Total mold counts did not differ significantly during the Olympic vs the baseline period (daily mean, 597 vs 551 molds/m 3 ; P = .58; Figure 2 ). Moreover, mold counts were not correlated with sameday asthma events (average r=−0.15).
Weekday 1-hour morning peak traffic counts decreased 22.5% overall during the Olympic Games (range, 17.5%-23.6%; PϽ.001 for all 4 sites). This amounted to a reduction of 4260 vehicle trips during the peak morning traffic hour on these 4 roads. Weekend morning peak traffic counts decreased 9.7% overall (range, 3.6%-12.3%), although only the change in traffic counts at the site closest to downtown was significant. Weekday total 24-hour traffic counts decreased 2.8% overall (range, 1.3%-3.6%), with the significant changes occurring at the 2 sites closest to downtown. Public transportation ridership increased 217% (190% on weekdays; 334% on weekends) during the Olympic Games. A total of 17.5 million more trips occurred on public transportation throughout the Olympic Games than would be expected based on the baseline period ridership.
Weekly total gallons of gasoline purchased in Atlanta were not available for analysis. The number of gallons of gasoline purchased statewide in July 1996 was 3.9% lower than June and August 1996. In contrast, July sales for 1995 and 1997 were 1.2% higher than the June and August sales for those 2 years.
To explore whether automobile traffic is a critical factor in urban ozone accumulation, we analyzed the relationship between weekday traffic counts and peak ozone concentrations on that day. We found a significant correlation between 1-hour morning peak traffic counts and peak ozone concentrations at all 4 traffic-count sites (Pearson r= 0.29, 0.42, 0.34, and 0.39, respectively; average r=0. 36) . No difference in this correlation was seen between the Olympic and baseline periods. An equally strong and significant correlation was found between total 24-hour traffic counts and ozone concentrations (average r=0.38; range, 0.33-0.48).
We used data from the entire 73-day study period to analyze the relationship between the number of asthma acute care events on a given day and the average daily peak ozone concentration during the preceding 48 to 72 hours. For data from the Medicaid, HMO, and emergency department databases, the RR of asthma events increased stepwise at cumulative ozone concentrations 60 to 89 ppb and 90 ppb or more compared with ozone concentrations of less than 60 ppb (TABLE 3) . This trend was significant for the Medicaid and emergency department data.
A 3-day cumulative exposure measure was selected for the analysis shown in Table 3 instead of a single-day or 2-day exposure measure because it was found to be more consistently correlated with asthma events (TABLE 4). For data from the Medicaid and pediatric emergency department databases, the RR of asthma events per incremental changes in ozone and PM 10 levels increased as the number of cumulative exposure days included increased from 1 to 2. The RR per incremental change in PM 10 further increased when the number of cumulative exposure days increased from 2 to 3. However, increasing the cumulative exposure from 2 to 3 days did not further increase the RR per incremental change in ozone.
COMMENT
Evidence linking air quality to respiratory health has been accumulating in recent years. Many studies, including 2 conducted in Atlanta, 16, 37 have demonstrated significant associations be- ; carbon monoxide (CO) 8-hour average, 9 ppm; nitrogen dioxide (NO 2 ) 1-hour peak average, 600 ppb; sulfur dioxide (SO 2 ) 24-hour average, 140 ppb. primary diagnosis of asthma); time-series regression analysis was adjusted for day of the week (weekday vs weekend) and minimum daily temperature (lagged 1 day to minimize serial correlation). †Average of the peak ozone concentrations for 3 days (day of event plus the preceding 2 days). ‡PՅ.01. §P = .04.
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tween days with high ozone levels and increased rates of asthma exacerbations. [12] [13] [14] [15] [20] [21] [22] [23] Our results support these previous findings and also indicate that extended reductions in ozone and PM 10 concentrations at levels considerably below the EPA's National Ambient Air Quality Standards can reduce asthma morbidity in children. Furthermore, our findings suggest that by decreasing automobile emissions through citywide changes in transportation and commuting practices, a substantial number of asthma exacerbations requiring medical attention can be prevented.
We found variation in the relative change in asthma acute care events during the Olympic Games among the 4 sources of medical data. All showed a decrease in asthma events, ranging from 11% to 44%. Only the data from the Georgia Medicaid claims file reached statistical significance, which may be related to the low power of this shortterm intervention. Based on a power of 80% and the number of events in each database, the percent reduction in asthma events needed to detect a significant difference between the baseline and Olympic periods was 37% for the Georgia Medicaid claims file, 58% for the health maintenance organization database, 33% for the pediatric emergency room database, and 51% for the Georgia Hospital Discharge database (without adjustment for serial correlation). Other possible explanations include differences between the study population in the 4 data sources in asthma severity, medication use, 38 exposure to other allergens, particularly those that could synergistically worsen the untoward effects of ozone and other air pollutants, 39, 40 extent of indoor ozone exposure, 41 and of outdoor exposure. The observed reductions in asthma events require us to address the following potentially confounding situation: did enough Atlanta children leave the city during the Olympics to significantly reduce the number of children with asthma who would seek medical attention for an acute asthma exacerbation? If true, this could account, in whole or in part, for the reduction in asthma events observed. However, for all 4 data sources, use of nonasthmarelated urgent and emergency medical services by Atlanta children changed minimally. This suggests that neither the size of the study population nor use of emergency medical services by this population changed significantly during the Olympic games.
Of the factors potentially affecting asthma morbidity that we could readily assess, air quality remains the likely cause for the decline in asthma acute care events. Our analysis demonstrated a large and significant decrease in ozone concentrations, and to a lesser extent, PM 10 , and carbon monoxide concentrations. Of all the pollutants, Atlanta's ozone concentrations in the summer most frequently violate the National Ambient Air Quality Standards. 42 These standards attempt to set a maximum pollution level, which, if exceeded, may be hazardous to the general public's health. The standards are based, in part, on the available information regarding the health effects of the 5 major air pollutants. However, pollution levels below these standards may be harmful to certain, high-risk populations (such as individuals with asthma and the elderly). Therefore, the 28% drop in ozone concentrations during the Olympic Games represented a substantial decrease in a potential health hazard. Our study design and findings make it difficult to determine to what degree the observed reductions in ozone, PM 10 , carbon monoxide, and nitrogen dioxide pollution individually contributed to the observed changes in health. As controlled studies of human exposure to multiple pollutants have demonstrated, 12, 13, 19 the effects of reduced levels of ozone and these primary pollutants likely were additive. This is supported by the finding that both ozone and PM 10 levels were similarly correlated with asthma events. The fact that ozone and PM 10 levels were highly correlated with each other (r=0.58-0.69) additionally limits our ability to determine which pollutant(s) accounted for the reduction in asthma events. This correlation between ozone and PM 10 levels should have been expected, given that the environmental changes occurring during the study period (ie, decreased automobile emissions and weather variability) would have had a strong influence on the daily levels of both these pollutants.
The more immediate question is what accounted for this change in air quality. We suggest that it was caused by changes in both meteorological conditions and automobile emissions, with decreases in peak morning rush hour traffic playing a major role. Weather conditions during the Olympic Games (increased wind speed and decreased temperature and solar radiation) favored less accumulation of ozone, but the degree of weather improvements was measurably small and not statistically significant. Even when controlling for these weather variables in a multivariate regression model, ozone levels in Atlanta during the Olympic Games were reduced 13% whereas the changes in ozone levels at the other 3 Georgia sites with the same prevailing weather patterns were reduced between 2% and 7%.
Other indirect evidence supports our conclusion. The concentration of carbon monoxide, which is primarily emitted directly from automobiles and is much less dependent on weather conditions for its accumulation in the lower atmosphere, decreased significantly during the Olympic Games. The small increase in sulfur dioxide levels (far below health hazard levels) during the Olympic Games is consistent with the increased use of diesel-powered buses, 31, 32 and should not have increased if the prevailing weather conditions had indeed prevented the normal accumulation of air pollutants in Atlanta. The amount of emissions from stationary sources (eg, power plants and industry) did not change during the Olympic Games. 31, 32 The additional electrical needs required during the Olympic Games came from power stations outside the immediate Atlanta area and, therefore, would not have caused the increase in sulfur dioxide observed.
Evidence of changes in automobile traffic and emissions include the marked decreases in weekday and weekend morning peak traffic counts at all 4 trafficcount sites, the statistically significant decreases in weekday total traffic counts at the 2 traffic-count sites closest to downtown Atlanta, the statistically significant correlation between weekday morning peak and 24-hour total traffic counts and that day's peak ozone concentration, the 3.9% decrease in statewide gasoline sales in July compared with June and August, and the 217% increase in overall public transportation use. These traffic data probably underestimate the impact of the alternative transportation strategies on local residents of Atlanta because they include automobile use by the estimated 1 million visitors during the Olympic intervention period. Using this same logic, however, the increase in public transportation use is probably an overestimation of the behaviors of local residents since it also includes use by visitors to Atlanta.
The science of ozone formation helps explain our findings. The moderate alterations in morning traffic levels (and probably traffic flow) experienced during the Olympic Games would have decreased the buildup of ozone precursors emitted into the atmosphere from 7 AM through 2 PM. Without sufficient atmospheric concentrations of these precursors being present during this time of maximum sunlight and heat, rapid ozone production and accumulation could not occur, thus leading to lower than anticipated peak ozone levels. During a period of 17 days, this appeared to have contributed to the improved respiratory health of children with asthma residing in Atlanta. What motivated businesses and individuals to change their transportation and commuting behaviors temporarily is a crucial question, which has not been properly addressed. Fear of traffic and lack of parking, and social pressures to conform certainly played a role. How this can be adapted to more routine conditions remains a major public health challenge. For example, Atlanta's Clean Air Campaign 43 (largely initiated after the Olympic Games) has been shown to increase use of alternative commuting methods within 3 companies that promoted this. 44 But the effects of this citywide campaign on air pollution to date appear to be small compared with what was observed during the Olympic Games.
The weight of evidence linking air quality to respiratory health continues to grow. Our findings suggest that efforts to decrease ozone and PM 10 concentrations from moderate to low levels can decrease the burden of asthma. Consistent with our findings for the Olympic period, we found an increasing correlation between daily asthma events and ozone and PM 10 levels as the period of exposure was increased from less than 24 hours preceding the asthma event to the 48 to 72 hours preceding the event. When using this 3-day cumulative exposure measure, the risk of asthma exacerbations increased substantially after only moderate levels of ozone exposure (60-89 ppb). These data suggest that the cumulative effect of moderate levels of ozone and other pollutants during a more extended period is as or more important to respiratory health than single-day levels exceeding the national standards (ie, 1-hour peak ozone Ͼ120 ppb or 8-hour peak Ͼ80 ppb). Recent research with PM 10 supports the important effect of extended exposure to pollutants on respiratory health. 45, 46 Our study methods and findings have several limitations. The special nature of the Olympic Games, the relatively short intervention period and limited statistical power, the lack of an updated traffic counting system, and the limited number of air pollution monitoring sites (for PM 10 and carbon monoxide) make firm conclusions difficult. Unmeasured medical or social factors may have influenced our findings. A citywide alternative transportation and commuting intervention, not associated with a special event, would provide a better study situation. However, the power of the Olympic Games to transform behavioral norms should not be underestimated and deserves close scrutiny for its lessons.
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